The association of heat-stable enterotoxin (STa) produced by enterotoxigenic Escherichia coli 431 with isolated rat intestinal epithelial cells and brush border membranes was characterized. Specific binding of strain 431 I25-STa to a single class of specific high-affinity receptors was saturable and temperature dependent and reached a maximum between 5 and 10 min. A (38) . The heat-labile enterotoxin (LT) consists of two kinds of subunits similar to cholera toxin (17, 31), the B protomer of five polypeptides which binds to GM1 ganglioside (18, 30) and the A subunit which catalyzes ADP ribosylation of a regulatory subunit of adenylate cyclase (10, 16, 30) . Inactivation of the regulatory subunit leads to activation of adenylate cyclase and, subsequently, increased levels of intracellular cyclic AMP. The other enterotoxin is a low-molecular-weight, heat-stable molecule with a mechanism of action which does not involve stimulation of adenylate cyclase (38). Two subgroups of heat-stable enterotoxin (ST) have been described (4, 32) , one with biological activity in suckling mice and piglets (STa) and another with secretory activity only in piglets (STb). Recent evidence indicates that STaS contain 18 or 19 amino acid residues, 10 different amino acids, 3 disulfide bonds, and a characteristic amino acid sequence (1, 5, 7a, 27, 37, 41).
possess about twice as many STa receptors as did crypt cells. Dissociation of specifically bound 431 125I_STa from intestinal cells and brush border membranes was minimal (2 to 5%). In addition, neither the rate nor the extent of dissociation was increased by a 1,000-fold excess of unlabeled homologous 431 STa. Binding experiments with 431 125I-STa and brush border membranes showed that purified unlabeled STaS from enterotoxigenic E. coli strains 667 (class 1 porcine enteropathogen), B-41 (bovine enteropathogen), and human strains 213C2 (Mexico) and 153961-2 (Dacca, Bangledesh) exhibited patterns of competitive inhibition similar to those of homologous unlabeled 431 STa (class 2 enteropathogen). A lipid extract which contained gangliosides and glycolipids exhibited dose-dependent competitive inhibition of heat-labile enterotoxin binding to brush border membranes but did not inhibit binding of 431 125I-STa. Purified heatlabile enterotoxin from strain 286C2 did not inhibit binding of 431 STa to brush border membranes. Pronase treatment of brush border membranes reduced binding of 431 125I-STa by about 30%, suggesting that the STa receptor was a protein or a glycoprotein. The putative STa receptor was radiolabeled with 431 1251_STa and solubilized with sodium deoxycholate. One major radioactive band was detected by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, followed by radioautography. These data suggested that STas bind essentially irreversibly to a specific receptor on the cell surface of intestinal cells before activation of guanylate cyclase.
The watery diarrhea associated with enterotoxigenic Escherichia coli strains is caused by one or more enterotoxins (38) . The heat-labile enterotoxin (LT) consists of two kinds of subunits similar to cholera toxin (17, 31) , the B protomer of five polypeptides which binds to GM1 ganglioside (18, 30) and the A subunit which catalyzes ADP ribosylation of a regulatory subunit of adenylate cyclase (10, 16, 30) . Inactivation of the regulatory subunit leads to activation of adenylate cyclase and, subsequently, increased levels of intracellular cyclic AMP. The other enterotoxin is a low-molecular-weight, heat-stable molecule with a mechanism of action which does not involve stimulation of adenylate cyclase (38) . Two subgroups of heat-stable enterotoxin (ST) have been described (4, 32) , one with biological activity in suckling mice and piglets (STa) and another with secretory activity only in piglets (STb). Recent evidence indicates that STaS contain 18 or 19 amino acid residues, 10 different amino acids, 3 disulfide bonds, and a characteristic amino acid sequence (1, 5, 7a, 27, 37, 41) .
Loss of fluid and electrolytes owing to STa results from activation of intracellular guanylate cyclase of intestinal epithelial cells (11, 15, 21, 35, 36) . Only the particulate form of intestinal guanylate cyclase is stimulated by STa, in contrast to cholera toxin and LT, which activate adenylate cyclase of intestinal and nonintestinal cells. Even though STa does not stimulate guanylate cyclase activity in liver, lung, pancreas, cerebral cortex, kidney, heart, and gastric antral mucosa (21, 35) , recent evidence indicates that the toxin binds to and stimulates the release of histamine from rat basophilic leukemia cells (42) . The mechanism of action of STb is unknown but does not appear to involve increased levels of cyclic nucleotides (R. N. Greenberg Secretion induced by submaximal doses of STa can be inhibited by pharmacological agents which block calcium uptake and prostaglandin synthesis (19, 20, 42) . It has been suggested that activation of phospholipase A2 and metabolism of arachidonic acid to prostaglandins occurs before activation of guanylate cyclase (42) . However, activation of phospholipase A2 usually occurs with cytolytic toxins (40) , and Field et al. (11) could not demonstrate that calcium was required for stimulation of electric potential difference and short-circuit current when STa was added to the luminal surface of isolated rabbit ileal mucosa. Activation of phospholipase A2 and metabolism of arachidonic acid could not be detected in isolated rat intestinal cells and purified brush border membranes treated with STa under conditions in which guanylate cyclase was maximally stimulated (L. A. Dreyfus and D. C. Robertson, manuscript in preparation).
In the studies described here, the binding properties of STas with isolated rat intestinal cells and brush border membranes were studied in an attempt to clarify the early events in the mechanism of action of STa before activation of guanylate cyclase. The results indicate that STa binds to a specific high-affinity receptor which is not ganglioside in nature and initiates a transmembrane signal to activate particulate guanylate cyclase.
MATERIALS AND METHODS
Purification of STas and LT. The STas produced by enterotoxigenic E. coli strains 431, 667, B-41, 213C2, and HDS-1 were purified essentially as described previously, with minor modifications (2, 13) . Briefly, 80 liters of culture supernatant of each enterotoxigenic E. coli strain was subjected to Amberlite XAD-2 resin adsorption chromatography, organic solvent fractionation with chloroform-methanol (2:1, voLU vol), Bio-Gel P-6 gel filtration, preparative gel electrophoresis, DEAE ion exchange chromatography (Bio-Gel A), and Bio-Gel P-4 gel filtration. All STaS were shown to be homogeneous by several criteria of purity (Dreyfus et al., in press). Effective doses determined by the suckling mouse assay ranged from 0.3 to 0.4 ng. The LT produced by strain 286C2 was purified as described by Kunkel 35%. Longer incubation times and higher enzyme ratios of proteases did not further decrease the amount of binding. Solubilization of STa receptor. Results from chloroformmethanol extraction and enzymatic treatment of brush borders suggested that the STa receptor was protein in nature and, on the basis of the high-affinity binding constant, the STa receptor complex might be solubilized with detergents. Brush borders were incubated with 431 _25I-STa, washed to remove unbound radioactive toxin, and treated with one of the following combinations of detergents: Tris-buffered saline-1% Nonidet P-40, Tris-buffered saline-0.1% Triton X-100, Tris-buffered saline-0.1% Triton X-100-4 M urea, Trisbuffered saline-0.15% sodium deoxycholate. Minimal amounts of radioactivity were solubilized with either Triton X-100 or Nonidet-40; however, sodium deoxycholate solubilized about 50% of the bound radiolabeled STa. Examination of the soluble fraction of sodium deoxycholate-extracted membranes by SDS-polyacrylamide gel electrophoresis showed two radioactive species, a minor component which did not penetrate the gel and a major band which migrated with a mobility corresponding to a molecular weight of 2 x 105 to 3 x 105 (Fig. 6) . Boiling the solubilized complex in the presence of 1% SDS dissociated the STa receptor complex. Only small amounts of 431 125I-STa were removed from membranes by treatment with detergents.
DISCUSSION
The primary event in the mechanism of action of bacterial enterotoxins is the binding to intestinal cell surface receptors (12, 23, 29) . Similar to cholera toxin, LT binds to GM1 ganglioside present on cell surfaces (12, 23) , followed by internalization of the Al fragment and activation of adenylate cyclase (16, 17, 30, 31) . Several polypeptide hormones, such as vasointestinal peptide, also stimulate intracellular adenylate cyclase but remain bound at the cell surface (3, 25, 34) . The binding properties of LT and cholera toxin to Y-1 adrenal cells differ slightly in that there appear to be about twice as many receptors for LT as for cholera toxin, even though the cells respond more rapidly to lower concentrations of cholera toxin (7) . Eucaryotic cells may internalize the A1 fragments of the two enterotoxins by differeAt mechanisms or at different rates. On the basis of the mechanism of action of cholera toxin, LT, and vasointestinal peptide, STa might activate guanylate cyclase by one of the following two mechanisms: (i) binding at the cell surface and initiation of a transmembrane signal which activates guanylate cyclase or (ii) a series of reactions which require internalization analogous to the mechanism of stimulation of adenylate cyclase by the Al fragment of cholera toxin or LT.
Results presented in this report show that binding of STaS to intestinal epithelial cells was dose and temperature dependent and mediated by a specific high-affinity receptor. 
